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1: Introduction
gher than a description of a single picee of rescarch, this is more in

line of u collective report on some arens we've been nddressing in

rescarch in stereo mapping. We have been developing tools and
experiimenting with matching sten€egies thut will build to a rule-based
sterco tmatching syatem. In purticulur, We have been:

LYK s

a) demonstrating the dexign and the utility of the rule-based
approach to suelace infereace feom monoculne Information
through the hand synthesis of matching steategios;

b) developing tools Lo support a mapping internctive test feility;

¢) experimenting with the [Baker 1081] sterco mapping system,

preparing to run it on some new imngery. C-mree L
In a), we have been earrying out resenrch aimed nt the analysis and
synthesis of rufes for jnference of three dimensional shape from singfe
mages.  We have been addeessing inference of mntehing soles and
the use of model-based analysis both with theoreticnl nonlyses and
with haud and antomated analysen of speeilie matehing strategies; the
watter erplicd to both real and synthesized imngery exaunples,  ‘Fhis
inference also hius application in ronsteaining search for matchen in
mereo correspomdence,

Our work in developing tools has centered on:

a)  asystem for the hand construclion of edge descriptions from
hard copy imagery;

b} aninteractive system for determining the transform to hring
inage pairs into collinear epipolar registration.

Both of these tools make extensive use of inleractive graphies, and
the Latter takes much advantage of previous stereo rescarch fromn our
labaratory ([Gennery 1980]).

In ¢), we have been undertaking Lo apply the [Baker 1081] system to
some new imagery. ln this we hope Lo demonstrate its effectiveness,
to cxpone its limitations, and to suggest both its role in an advaneced
mappink system and complementary research needed to iinprove its
utility. Signifieant restencturing of the system wan ealled for in ennbling
it to procens this new imagery. Details of these ehanges are deseribed
in seetion 4, which deals with the matching process. Modifications have
now been implenented, enabling the system to:

e function on the output of an improved edge operator
{Marimont 1082];

e ume edyge ezlent an one of ils parameters in seeking
optimized correspondence;

s exploit prepared transform information in processing
imagen whose cpipolar lines are not eollinear with the
scanning axes of the cameras,

We will describe reaults in theae arens of the research through discusaion
of the following:

a) the use of image edge descriptions produced using the digitis-
ing faeility and from an automnated process [Marimont 1982)
in sy nthesizing rules for stereo mntehing;

b) development of n aystem for epipolar regintration of Imnge
pairs;

¢) modifications to the [aker 1081] stereo systesn (results Inter).’
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PROGRESS IN STEREO MAPPING

11, Harlyn Baker, ‘Thomas O. Binford, Jitendrn Malik, Jonn-Fredoric Meller
Artilicinl Intelligence Laborntory, Computor Scloence Department,
Stunford Univorsity, Stanford 94300,

2: Inference and Modelling
2.1 Preamble - the digitizing facility

Our npproach to rule development begins with hand synthesized ‘and
some aulomntienlly generated edge datn.  We have systemn for the
automatic generntion of edge data (i.e. [Marimont 1082]). This data,
extracted from a sufliciently wide selection of imagery types, gives good
insight into the eurrent eapabilitics of nutomated processes. Automated
procesaes, however, are not able pr osently to give as meaningful a
description of an imnge ay we wonld like, and have not been designed
to provide the aggregented abstractions research systems ([fLowe 1982))
will be soon supplying. o bridge this inndequacy, we work with both
automatically generated data (Lhe current state-of-the-art), and hand
genernted data (represemative of the next generation of edge nnalysis
processen).  The hand generated data is obtained from n manually
operated digitising tablet, We have written a graphics-bascd digitizing
nnd editing system to run with a GTCO tablet in producing these
invige descreiptions,

Figure 2-1 below whows an Image pair of & building complex (refereed
Lo uy the Saeramento imageey). Figure 2-2 shows the results of tablet
edge extraction on these images, Figure 2.3 shows the resully of the
Marimont aperator [Murimont 1082] on the inage pair.  Manually
generated odge ditn wan produced using this facility for tie unlyais
of rule systienis of seetion 2. [ wis nlso used Lo digitize the building
dnta of liguren 241 for input to the OV inference process, as figure

2-5,

2.2 Data for Rule Synthesis

We have obtained cxtended edge data from hand and automated
processing for usc in synthesis of matching rules. Results from ear-
lier work on OTV analysis (orthogonal trihedral verlices) have been
exploited [Perkins 1968] for rule formation in shape inference and in
constraining search for correspondence. We have taken examples from
the modelling of generic structures o produce ground and acrial views
of u building complex, and have used this, ns well ns other data, in rule
synihesis, .

2.3 Modelling and Vision

£.8.1 — Modcelling, prediction and interpretation

Of course, onc of the primury gonls of research in computer vision is
the development of systems that can recognize amil loeate objects in
images. In order to identify such an object, it is clearly necessary to
have some descriplion of ils characieristios that ean be detected in an
image. A represcntation of an object in the forms Lhis deseriplion takes,

One mpproach Lo representation is to provide the syatemn with three-
dimensional maodels of objeets, Rotation of these nodels will allow
objeets Lo be observed, conceplually, from dilfering viewpoints. [If
parameters in a particnlar model are allowed Lo vry it is possible Lo
hinve that ningle model represent a whole clias of objecls; constraine
ing the parameters funetions to delimit sub-clnases.  Purther model
manipulittions, such as parlitioning and projection, ean bie used to aid
in mapping model o imagery datn, The information contained in aueh
objeel. models may be useld Lo determine pomible interpretatinns of
tinage fonlnees {e.g. edges, ribbonn, corners) amd Lo provide fecdback
to predict the loeations of such fentures in an hinage,

ACRONYM [Bravkn 1981] is n three-dimensional rule-based modelling/
vislon syatem developed here al Stanford Lhat provides, among other
thinggs, kuch fenture predietion, model manipulation, and image inter-
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pretiation.  The rule-huse operates on the madels and on the sensed
dati to accomplish scene interpretation. Sueh a rule-based approach
has been shown to be an efleetive form for constraint and search im-
plementation, and allows casy modification and addition of new rules
withoit the need of altering the underlying code.

Qur group’s intention over the next few years is to build a rule-based
sterco systein operating within ACRONYM whose functioning will in-
clude model-based prediction. Working Loward this, we have been car-
rying out experiments on scene inference and model-bhased prediction
that will lead to a repertoire of stereo matehing rules.

2.9.2 - Models and stereo malching

One of the major diflicultien in deteemining sterco correnpondence is in
dealing with the large number of matehes that are possible. Solution
is geneeally found by searel through a Inrge parameter space, where
pomsible cotrespondrnecen are limited by geometric or photometric con-
strainta.  Search ean be reduced even more dramatically by endow-
ing the mateher with brond domain specitie and domnin independent
hnowledge. Such knowledge can be rule-based and model-based. Our
proposition here is that the three-dimensionnt information in object
models, nlong with inference and prediction meehaniama, ean be used
to interpret fostures in image paies. These interpretations enn then be
uscd nn fliters Lo constrain the matebing. We demonstrale this notion
with the example of Orthogonn! Tribedral Vertices, often refecred to as
cube corners or (YTVa, Other rules aynthesized from analynin of both
snondly exteseted and automnted edge processes Tollow.
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The work on cube corners points to additional usefulncss for a model-
based approach. OTV orientation analysis (from matches across pairs
of views) yiclds almost complele solution for camera parmambters;
constraints on sizes {again, from rules and models) could compléte
the camera solution. But the orientation information yielded by a
match of a pair of vertices is valid only il the verlex is a cube corner;
thus it is necessary Lo be able to distinguish between vertices that are
cube corners and those that are not. If the models contain sufficient
information to identily ecube corners, then the problem of determining
cube corners independently of the identifiention process is eliminated.
In fact, both the nearch for cube corners and the search for identifieation
are likely Lo be reduced when they are combined.

2.8.8 - OTYV rul.-based analysis
OTYV theory

In eullural seenes, we find a large number of interior and exterior
cornera of eubes  typically when two walls al right angles mect the rouf
o Lthe floor. The importance of utilizing this common structural ole-
ment e OrLhogonal Trihedral Vertex (O1'V) - has been emphasized
enrlicr{Lichen 1B81]. Since they provide n very tight constraint - the
three edges are mutuntly orthogonnt in space - it is possible Lo enicuinia
the three dimensionnl orlentations given the projreetions in the image.
Thix enn be done for both orthiogrphic and perspective viewing,

If the eye i msnimed to be focussed on the verlex of the eube corner,
perpeetlve enn be ignored nnd the projection of a eube coencr in
XY Z space will simply be ita orthogonal projection on the XY plane.

g



Suppowe that some - star b angles between B enys o, boand e
absa thint the ey wre eepresented by the unit voetom vy, vy, v, Woneo
intereated b dvteeting whether there are three veetorn tn XY # spieo,
whivh are mutundly wrehogonad and project, respeetlvely Lo vy, vy, vy,
Sinee prajection i necomplinled by deoppling e 3 component, nny 3
wuch veetars east be of the form oy F N3, v b A3, nindd vy 4 Mga whoro
7 in the unit veetor ' the 2 dicectlon,

Requiring mutual orthogonality implies thit the dot praduets of these
veetors in pairs be gero. From these conditions nud some simple
wanipulations we enn ealeutinte the Tormulng Tor

————
) feosalleonc) - iy /_ (rasa)icasd) " / _{rove)(cosd)
leond) Mot lenng) b=k leova)

Henee solutions exist if
n)
b)

A o

cona, con b, conc nre nll non-zero and

cither one or three of cosa, cosb, cose nre negative, so that
the quantitics under the square root sign are positive.
These results were first derived in {Perkins 1068],

Thus we huve a way of both climinating false candidates for being
OTVs and linding Lhe 3-D orientations of valid O'TV's. This algorithm
has been implemented and run on data from the digitizing tablet.

OTYV with/fram models

Our nnnlysis begine on both images, processing bottoin up on the two
images separately. As Lhe rule system identifies likely OTVs in imnges
(from its models), it proceeds 1o mateh them,  ‘The system should
already lave a tentative identification of the buildings vontaining the
OTVs, 5o there should be relatively few possible matehen at this point.
Only O'TVs that could be the same point on the same object need be
compared. The analysia results in deptha of matched objects, for all
those objects having OTVs,

This requires that the modelling systemn handle point clements, and
that it include both:

¢ inferring OTVa from models {volumes);

o  accessing OT'Vs stored explicitly with the models.

2.4 Rule Synthesis

2.4.1 — Inference rules

We contione with the development of inference rules, This work is
logical extension of previous work [nford 1981, Lowe 1982] done at
Stanford in developing rules for infeering sarface informalion from a
single view. General assumptions about illumination, objecl geometry,
the imaging process ete, have been used to derive rules for making
speeilic inferences. For aterco vision Arnold and Binlord [Arnold 1980]
e developed ronslitions on correspondence of edge und surface inler-
vatn, We divide our rales inta two eategorios: monnculacrules, whieh
enible sueface infeecnee from a sipgle view; and stereo_poles, which
fiuclitate cross-image matehing,

2.4.2 - Monacular and atereo rules,

1. Monocafareules  Rulen which have been developed for in-
fereneen fronr monoculae views can be utilised o provide n
pasetial S-dimensionat interprelation which direels search in
the seeond view. This eatogory ineludes the rule for inter-
pretation of Orthogonat Triliedrnl Verlices,

Another example i the T-junction rule {Binford 1981} which
staten that ‘fu absence of evidenee 1o the contrury, the stem
of a T ix not nearer than the top, ie. in eoineident in apnce
or further amay’.  Application of this rule given n sel of
nenror/farther relations, A hypothesized eorrenpondence of
edges which lends Lo inconsistent conclusions from the two
views ean be pruped from Lhe neareh.
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An fnnge Tine whicl s stenlght mimt be Uie inage of astraight
apiee corve unlos the corve i phusar amd Lhe obsorver §s eoin
ehdontlly sligned with the plane of eurviture, I'lin onublos us
w dismise correspondencos between steaight edgos in one view
wnidd eneven in the other view, If Lwo linsge curves are projoc-
tivoly conaintent with paraticl, we assume they nre images of
eurves which nro paealicl n space. That implics that their
imngew in the other view would he paralie! i.c. parallels map
o parnllels.

Ax Lhene exaumples iHlusteate, mont of the rules in (Binford 1081,
Lowe 1982] wied others developed by Malik and Binford have
an direct corollaries sterco rules for ehecking the legality of 2
mateh, They can even tlirect the search process.

Sreten ttulen < thewe are rules which have heen derived from
the sterro bnaging procens, aned nre Tunetion of the hmnging
geonetry.,

An example rule in this clasa, which has long been used for
finding sterco coreespondences, is the cpipolars rule - cot-
responding points must lie on corresponding cpipolar lines.
These rules have inherently nio monocular analogs. llere are a
few:

n)

Horizontal planes in one view get mapped to horizon-
tul planes in the other view.

b)  Use of projeetive and quasi-projeclive invariants. This
lias not been examined in detnil. Duda nnd Hart[Duda
1073] devote n chapter o this topie which has not

renlly been exploited in sterco work.

Conditions on correspondence of edges and surface
intervals[Arnold 1980],

Surface Oeclusion_rules:

Surlaces visible in one view ean be oceluded in the
other view, We nre interested in the conditions when
this tikes place. The basic iden is that if we cross n
wurface, nn obscuention of edge ocenrs. A left surface
visible in noright view in visible in the left view un-
leas there s obscurntion by a tadl objeet, Similarly o
right surface visible in o left view will be seen unless
obscured by a tall objeet. These suelice-obscuration
rules can be Tormalized by the eroxs-produet rule:

\l“ £l/*
e -

For the hypothesized cdge mateh ey with [, and e
with fy, we compute the Z-component of the vee-
tor cross-product in Lhe left image pair and the right
image pair. If the z-components have opposite signs,
we are secing opposite sides of the surface. That im-
plies that the objeel is hot opaque.

2.4.8 - Usc of inference rules in a tcet analysia

Our preliminary resulta indieate good potential for the success of this
approuch. On hand simulations with line drawings of sterco pairs, the
rules helped narrow down the choices considerably.

Consider the imageey shown in figuten 2-4 and 2-5, Figure 2-§ is the
right view nnd 2-4 the lefu view, Vertices 1, 2, 3 arc orthogonal tribedral
veeticos,  Uning e formulne developed eatlier, we ean find the 3-D
orientntions of the cdge veetors, These can be mitehed with the 3-D
orientations of 17, 2, 4" to obinin a registering of these verlices when
combined with the epipolnr constenint. All ('T'V's in one view neerd not
be visible in the other i.c. 4. OF the monoenlar conatraints, the other

major consbenints which ean be seen here nre the T-junction rule and

i e VP
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the paraliels rades b tiguee 338 edpe & i beldad edige 8, Bdgen 7 and
X are parablel and sooare 70 and 80 A el of 8 with 9° would not
be neeepteds Surfueen Sy nid 8y wre both horfzontal planes (ws ean bo
deduced from the OTV analysis) and enn bo mutched. Sueface §y in not
horisontal. Here of course, thin doen not provide any now information,
Surelneo 8¢ being o left Inee in n el view s not guaeanteed to bo visihle
in the othee view s bn fact iv ine The eross-product rule could be used
o dismiss w match between 10 and 10,

Description of Left Imayge of Steren Pair
Pigure 24

Description of Itight Image of Stereo Pair
Figure 2-5

8: Image Registration
3.1 Introduction to Epipolar Geometry

The scarch process in automated sterco mapping can be greatly
restricted, and computation times significantly reduced, if information
is available relating the relative eamera geometries of a sterco pair.
Often this information is available in the reconnaissance data (or at
least o rough approximation to it). Other manual and aulomated
schemes have been devised Lo provide the informalion when it is not
present with the imagery (see [Ilallert 1960], {Gennery 1980]). This
eamera geometry informntion allows establishing epipolnr correspon-
dence of lines acrons imuges, When this has been done, senrch in one
image for match points of a feature in the other image enn be con-
steained along nosingle veetor. More generally, any features lying nlong
a partienlir vector in the one image mway be found slong n slngle veelor
in the other image. These image plane veclors are termed epipolar
lines,  Corresponding veetors are termed correnponding or conjugnte
epipolar fines,

330

In this section we detnll an slgorithin for deternining eonjugate
epipolne Jinew i noweb of fmagery for which sueh enmers geometry in-
formntion s not explicitly availalde, Here, we rely upon an operator to
sedoet corsespunding points in Lo two dnioges, The sysbein aulomatl-
enlly improves Lhe resolution of the correnpondence through Fourier
nterpolntion aver a mnteh window [Gennery 1980). The wet of such
points is tnken by an nmatomuted enmers solver Lo produce the needed
geometrle information, ‘Ihis point seleetion v done with pan/zoom cur-
sar control onow ggenphies devieo, 11 the ewmern information is available
(i, for exnntple, from reconnabsanee data), then the polnt matching
phase iy be omitted (slthough this provision hus not been ennbled
in the current sywtem). Egually, rough ciunern grometey information,
it availuble, mny be used to partially automate the point selection
phase, although again this i sot implemented here. [Gennery 1980)
and [Moravee T980] have implemented totally automatic camera sol-
vers in their stereo anatehing systems. Our next improvement to Lthis
regintration system will be Lo incorporate the imayge sampling and fea-
tore matehing of the {Genneey 1080] syslem, removing the need for
ianuad point selection.

3.2 Glossary of Terms

Civen two eameras Cp and Cy with origins ¢ and 0y and foeal planes
Py and £y, we eall:

Bundle of lings; A family of lines conlaining a common point.

Epipolar_coordinates of 4 point: The number of the epipolar line it
belongs to, and its distance Lo a lixed reference, like
the epipole if it exists.

Epipolar_direction: The direction of all epipolar lines if they are paral-
lef.

Lipipolar line: The intersection of an epipolur plane with a foeal plane,
Alternale delinition: the image in one camera of the
pre-immayse of & point in Lthe othier camera's focal plane,

Epipolar plane: Any plane containing the two eamera centers 8, and

0.

Bpipolar space: A wpaee where the coordinales nre the epipolue coor.
dinates, In this space, a horizontal line i an epipolar
line, and the epipole, if it existy, s 0 whale vertical

line,
Epipole: The intersection, if it exists, of all epipolar lines in a focal
plane.

Conjugate epipolar lines: the intersections of an epipolar plane with the
two focal planes.

cQ\ s
lLne: Ho B, N ?,

mas, N

Epipolar Geometry
IMigore 3-1

3.3 Background Theory

(‘;ivcn bwo alereo hmagen /% and Py (the conlent of the foenl planea
™ oand {'~, of the eamerns), and Lwo lines Ly nnd 1y contained in "
aned Py, in general cvery point of Ly maps to n line segment in Py, and




there i nu paeticulae eelationship between the e seggtmenta mapplig
to different points,

Fundamentnl propeety:

Vivery point b &y whl mag toa Boe aegment contidned Iy e ssme Hne
Ly bownd onty i by snd By are nopade of conjugate epipolae fines,

Epipolue Geometry:
The funily of epipolne lines in o foeal plane is:
Kither
a)  aset af parallet lines having i comman epipolar direetion,

or
b) a bundle of lines, the interseetion of which i the epipole.

3.4 Requirements of the System

Given a pair of sterco itmages, we want to:
1) identify the kind of epipolar geometry present in the images;
2)  explicitly show the epipolar lines belonging Lo each imnge;

3)  for each image, compute the paramelers which relate the
original coordinates 1o the epipelar coordinates;

1) construet the image transforms in epipolar space.
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Top view of a situation with only one epipole
Figure 3-2

(ot Mk all f'”‘uc
M\ ~apipaer RS

values Q:ll,ru’ €, wd €
st ~Ma R

0,0, NAN 3 awd
0\01.*'\ L)

o\

Top view of a situation with epipoles
Figure 3-3

Prior to theae 4 steps, we will need Lo solve for the enmerna, that Is,
1o determine the B parameters deneribing Uheie relative orlentation. A
procedure developed at Stanford [Gennery 1080] in used for this.

3.5 Algorithin Used

8.85.1 - Camera regiatration output

tneh enmern in viewed ua n referentinl (0, 2,p,8), 1 € (1.2?. The
registention proredure yieldn asimuth, elevation, pan, tilt, and roll of
one ramers with respeet Lo the othier, From there, we compute:

1) the rotation matrix & between the two referentinbs
Tz ™
R={ra raa ra
ry Tw T
9)  the Lranstatlon unit veetor 1, the components of which are:
a A
A Jin the base 0,zyz, | Jin the base Opzys
v v

Note that the magnitude of the translation veetor cannot be determined
from a pair of iinages.

8.5.2 - Epipolar geomctry determination

The focal planes P, are planes parallel to 0;zy, intersecting 0z at z =
Jir the foeal distance. There is an epipole in plane 5 if and only if the
translation veetor interseets this plane, that is, if and ounly if its third
component s not zero,

We thuk deterimine the ense we are working with:

CASE 1
CASIE 2
CASEE 3

if 4 7 0 and v £ 0, therg are two epipoles:
i A0 and v == 0, Lhere i one epinole Ky
ity = 0 ad v 54 0, there is one epipole fy:

ity = 0 and # == 0, there are no epipoles: CASE 4
Remneks:
a) 4 = 0 ix replaeed in the code by {yj < threshold, where

threshold s chosen na s funetion of the arithmetic preeision
of the maehine: il we had infinite precision, then we could
consider every ease as heing ease 1. Here threshold == 0001
wis Tound to be a good estimate.

b)  Most image pairs will helong Lo the first case, with 4 and v
of Lthe order of 1, The epipoles exist, are outside the picture
frame, and, for the images worked with Lo dale, tend Lo be at
a distance of about 10 times the picture dimension,

3.5.8 - Epipoles_and epipolar directions N

If the epipole 2y exists, it is the extremity of the veetor collincar to'the
translation veetor, with a third component equal to fi. 1F it does not,”
then the translation veclor is the epipolar direction. tence:

Case I /‘).(:!l, ‘-’!1) ’l‘,?(::_,_' wh

ATy v
Case 2 EV(ZE LY va(h )
N v Mol
Case 3: Vi{o, A Bo{ ==, =)
Cuse 1: Vi{a, 8 Vg(k,us’

3.6 Epipolar line calculation
8.6.1 - CASE 1: two epipoles

n! theory

Let My(24,m1, 21) be w point in Py, Iy My defines an epipolar line in
Py, and the corresponding £y My defines the eonjugate epipolar line in
Py, The plane (K, 04,03, Ky, My, My) containg the translation vector
Land 15 AMy L s noemnd s B A X 8 The normal of 'y Is 0g3. llenee
the Interscetion of the two planes in given by the vector:

Ouz X (I My X 1) = (02 ) My = (042 NI



and KyAly s cullinear o thin voetor. Suppose that in 0yaye, KM\
(2350, U) In berans ol camponents in Gyape:

0 A :‘, U TR AT
ha=[0) t= u). By o= (U}) = rg 3 vl
\ v L3 LeTE TR 4117

Ne My collinear to:

(Vl; ~ \l'.) = n{wu et Xrn; + y.}uru - Xr";)
vy, — p3y fi(vryy — pray) + milvray - prag
If we led A be the matrix:

(t"u ey vrg - Mu)
Vray — pty Pryp -~ jirag

Then we can write Ea My = AR M, where [y M is in hase 0,zy and
l‘a‘gA"; is in base Dgzy.

Cane |
Figure -4

b) algorithm

Let Ny be the number of epipolar Jines that we want to determnine.
Eueh epipolar line is uniquely determined by the angle it makes with
the z-axis. et 0 be this angle. Given &, the epipolar line number,
0 < k < nl—1, how ean we determine 07 I 0 and 8; are the lower
and upper limits betw:- en which 0 is allowed to vary, and 0 = mﬁll'-),
then we will ehoone the middle of each interval: 8 = 0y -+ (k +.5)0; But
what arc 0y and 8;7 We have to distinguish between three cases:

e The epipule is in the picture (very unlikely). Then 0
ean vary between 0 and 2x eadinns;

o The cpipole in outaide the image: there is a minimum
and maximumn angle under which the image is scen
feotn this point. If we choose these angles in [0, 2x],
then most of the time every 0 C [0y, 03] will define a
valid epipolar line in 1y;

®  The exception from above is when the epipole s left
of the image but on a same vertieal level: then (0o, 0y)
eannot be eonnceted and still included in [0,2x]. In
this ease we will choone the angles in {57, §].

Then L.y will be defined by the point £y and the vector Vi(coad, sind),
and [ W defined by £3 and V; = AV,

3.6.2 - CASE 2: one epipole £,
a) theory

Given an epipolar line Ts'.,"tf." we aleeady know thal the eorresponding

epipolnr line 1.3 in Iy in collinenr to the veetor t = Vy(), ). llence we
Just need Lo find a point belonging to Le. Clearly, Ly in the intersection
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of 1% with tho plane (5, My, 04). ‘Thuw sy line contained in this plane
will litorseet Py nt o point contiinet in Ly, | pasticular, consider the
potullod v £y deiven through g, It interscets Iy, thus /g, st M3 such
that, In baso Oyzys:

[UTLIRLT
ray ckran M breieri
) B
[s
b) algorithm

In the same way as in enne 1, we deline Li(#,V)) where Vi(ry =
conly,xy = aindy). Then Ly s delined by (Mg, Vi), where the coor-
dinules of Ma nre

ruzy tran 'wv_-_'-_-'.w_m_)
raEgraath | raEy b raa

En,
\/ paretiel b &

w, *'\""“3\‘ G,_
N \
S\
€ 'ti\ \.0. J
. s 5
L
A, My ™
e, ! t

Case 2
Figure 3-5

8.6.3 - CASE 3: one epipole F;

2) theory

Let an cpipolar linc in Py be defined by the translation vector ¢t =V,
and by a point M, we pick. In /%, L, goes through /53 and is collinear
Lo a veetor [0y Ma, interscction of 1% with the planc {0z, g, M,). This
plane is orthogonal to 03 My X ¢ and /% is orthogonal to 02 "Henee
the interscetion is collinenr to f22 X (02 M} X t) -

since 02M| == 020, + 0, M|
= ki + 0, M,
01M| Xt= 0|hf| X ',
and 022 X (09M| X !) == (01: . l)O.M. - (032 '0|M|)¢.

Suppose 0, M, (2, m, /1) in Oyzyz. Then in Oyzya:

o A 7 izt ran b
Ogaam [ 0], tes|pu], O Myrme|y) )| raga) 4 raap +rashh
! v 7 razyk ray 4 sy

By My v thus collinear to:

(""n - >"'a) - ( #i{ery = Xea) 4 yaeny = Arag) + fi{na - l'an))

-y 2y (vrer —~ pran )b yi{ieres = prag) + [ilvres = pras)

Henee, it we let A be the same matrix an in CASE T and OF3 be the
lTwet malrix:

(l/n; - Xr”)
Urgy = JiPss




Thew wo hiwes 8,8, - A0, M, ) DM
Where 0, M, s in i Oyay wndd Ny, 1 in b Oyxy
b} afgurithmn

Now, huw.du we "lifk My in the fiewt pliee? We wint o set of Ny oqunlly
spuwesd t-mpuluy linew, wnd it nppenrs convenient 1o piek polnte on the
wxes. I the epipolar _ﬂm's. ure ware harizantal, or tie Tmngo stretehed
in lwmlg!. then we will pick N, equnlly spaeed polits on the vertien
axin, mntz\lnly’km\ml W cover Lhe entiee imnge. 17 the epipalne lines
we more vu-mn\‘I or e itige moee stretehed in witth, then we pick
thym - the qurrmulul aving Lot 4, 4y, be the pleture dimenstons wnd
Ve, V) Whe epipolar dircetion:
UVily < Viby,and  V, <0, we piek

v,
W - “‘al[':l + "y)(K’k?'!)
Vy > 0, we plek

¥, ¥
no= (L + LR -,
Vy <0, we pick
21 (Ll Y]+ L R0
¥y > 0, we pick
21 = (gl Y]+ LXERRE) — 1, o
Then we procerd s indieated above:

Ly(ML V= 1) ix matehed with la( g, Vy = s My).

itv,l, < Yyly, and
W V,L, < V,l,, and

VL, < V2L, and

3.0.4 - CASE {1 no_spipoies

a) theary

Lov an epipolar lino 1n 1% be defined by the translation veetor ¢ = V)
el by nopoint My we pick. tn 1%, Ly goes through the linage of M,
that s the extremity of n veetor collinesr W 0; M, and whose third
cumpanent v fg. In buse 0,2y, 00My 2 (2), 41, /1) In base Oszys:

! [ATEI%44 il

o

1, T tral
r

f ITRIRALT) TR a
it "’ll’l

Tz ey 4+ fy
OM) =
1

PTETR ST 'u/n) O3My =
iz b ragy -+ ra

b) nlgorithm

We pick points 2y In tie e manner as in ense 3. Then we enleulate
0, Ay w indlented ubove and we mnteh Ly(#y,0) with Ls(Fa, t),

Figure 3-8 shows w stereo pair of w building eomplex. Figure 3-7 has
this paie supeepositioned with n set of corresponding epipolar lines,
Figure 3-8 shows e imagery transformed sueh that epipolar Tines are
horizontal in the image, and conjugate epipolar linew have the same
tow ¢nordinnte.

Sneramento Building Image Pair
Figure 3-8

Epipoinr Lines in this inagery

Figure 3.7 s e

o i

Tranaformed Imagery
Plgire 3-8
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4{: Automaled Stereo Mapping
4.1 Background

Results from our laboratory over the past fow yonrs |Quam 1871,
Hannnh 1974, Moravee 1080, Gennery 1980, Arnolid 1080, Baker 1081,
Amold 1983], have demonstratod the possibilities of both aren-based
and feature-bused stereo matching.

Aeeu-boned sterco matching usen windowing mechanisms to isolate
patts of \wo imagen for cross-corevlation, Feature-doaed stereo mateh-
ing uses Awo-dimensional convolution eperators (and perhinpa grouping
operatora) o reduce an image to a depiction of e intensity bound-
wies, which can then be put into correapondence.  Area-based cross-
roreclation technigquen require distinetive texture within the area of cor-
relation for suceessful operation. Ta general, it beeaks track where there
i no loeal correlition (tera signal, or where two images do not cor-
respond, .. veclusions) or where the correlation is ambiguons (where
the signal is repetitive).

Demands of mapping in cultural sites and in locales with surface diacon-
tinnity amd ambiguous oe von-existent texture mnke it essential that,
if area-based analysis iz to be done, it he done in conjunction with
feature-based analysis.  Frature-based analysis provides n solution to
many of the problems of coreelation. Principal nmong its advantages
v that it operates on the most diseriminable pacls of an image: places
that are distinetive in their intensity variation, and where loenlization
s greatest. These are typically the boundaries between objeets or be-
tween details on objects, or between objects and their backgrounds,
The wnpoetant point is thal the features beiog put into correspondence
for depth estisates are the houndacies of ohjects: area-hased nnalysis
is At ity worst at object boundaries, yet determining bonndaries ean be
said Lo be the most impartant parct of mapping in 3-space,

The [I8aher FO81] system is the only current system thnt mixes these two
watchimg modalities, We have been working at applying this system to
rome ewltaral secnes, Befoee enrrying out these annlyses we wished Lot

a)  enhance the syatem with a eapability to work with n betier
edge operator [Marimont 1982);

b) enable it to process images that are nol graced with collinenr
epipolar geometry (i.e. most images);

e} introduce an additional correspondence measure - edge extent.

4.2 Epipolar Registration

To implement these enhaneements required substantial redesign of the
system, and redesign eycles with the Marimont process. Chosing usc-
able datn also presented diflicultios, as the only imagery available was
not of the correet geometry (sce below). The two image pairs initially
chosen (the Suceamento apartment complex and u section of some im-
agery of Moflett Field) proved, on eloscr examination, to require quite
complex transformation, and could not be easily adjusted for epipolar
processing.

In zeneral, to bring imagery data into a properly transformed state
conld proceed in one of two ways:

e one could determine the transforms and then modify
the imagery, producing an image pair having collinear
epipolne geometry;

or

s one conld determine the teansforms, and modify the
outpul of an edge operator process that functiona over
the original imagery,

The latter is by far the superior npproach, an it avolds resnmpling
the imuge. This appronch necessitates incorporating the teanaform
compuintion into the stereo nystemn, Lo follow edge Anding and precede
cdge matching.

‘The aceond part of the stereo nyntem's analysia s nn intensity correln.
tion procesa, This operates nlong cpipolnr lines as well, and elenrly
reniren inteasity inform.dion to be aceensible nlong eplipolar lines. One
moltion ta this would be to take the original inage prir and hinve the
eorrelator rotate and ehange alnpe, size, and orienthtion na it moves
nremnd the binage; this in an nwkward nnd probably unnccensaey com.
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pliention. An slternative would he o aceews the Lraneformed images,
wanipled ws necurntoly ns possible, nnd do the correlntion in the rectan-
gular spaen delined by eollinenr epipolar lines. The srgument from cdge
weenency Indieated that transforming edgen rather then resampling the
finagge wiw Lhe way to go; this nrgnment from intensily correlstion sug-
gons Lhat the resapled Image e be uselul,

Another hinplementition detall supported this use of hoth transforimed
edpes and teansformed imagery: ib was found that the intensity in-
foemntion available from the Marimont process had oo simall i basis
for swneful correlntion, and in fact, for transformed cdges, had little
refevanee for the matehing (it being mensured not along epipolar lines,
but normal to the edge dircetion), The teansformed image had to be
referenced again by the system o obtain more significant intensity es-
timates oriented slong cpipolae lines, and working with the image in
epipolue space facilitated this,

The philosophy of the stereo malching process here had been'to use
edpege analysis Tor, amongg other things, its higher ac=e==sv and Lo use
intensity annlysis for the continuity it provides, To .. onsistent with
Lthis, we wanted Lo luwve the highest possible aceuracy for cdgen in
epipolar space, and if sacrilice be needed for simplicity, Lo do it wlere
it least degraded the analysis - in the intensity correlation. 1L is clear
that transformed edges give higher accuracy Lhan edges from Lrans-
formed images (detectability might not change much, but localization is
significantly reduced); and important simplifications could be oblained
for little loss by doing Lhe intensity correlation over the resampled
image pair. This meant changes in our plans for the registralion sys-
tem: il had to produce not just transform informaltion, but transformed
images a8 well, Both forms are made available as output from the
regintration program deseribed in seetion 3, and the enhianced Baker
wystem uses Chem both,

4.3 The Marimont Edge Operator

The Marimont edge operator has greater detection and reliability than
the original Baker cdge operator, and similar Joenlization; carlier ex-
amplen of it processing convineed us that its output would improve
the quality of our sterco reconstruction, fts ability Lo track along tero
signal areas in Tollowing xero-crossing edges leads Lo more colicrent
image descriptions. [Marimont 1982) provides delails of the operator’s
functioning. Roughly, it works by ennvolving an m X m lateral inhibi-
tion funclion of » X n central window with an image. Zero crossings
in this resultant image then indicate edges, and the edge position is
determined by interpolating over the lateral inhibition surface.

A few unanticipated problems beeame apparent once work with the
cdges was begun,  One point, noled above, was that Lhe intensity
information stored at an edge (its left and right boundary values) had
quite small support (a single pixel). This is in contrast with the original
operator which interpolated for these values in an area 3 pixelg wide and
remnoved one pixel from the determined edge position. Another problem
was that the edge connecetivity produced by the Marimont system can
be misleading. Intensity significance was improved by sampling along
epipolar lines in the transformed images. The conncctivity problem
has not been looked at yet. Good connectivity is inherently difficult to
nchieve with tero crossing operntors, Refincments to the process are
being considered.

4.4 Edge Extent

The introduction of edge extent as a parameter in the dynamie pro-
gramming solution was an obvious fallout from using the Marimont
cdges.  lidges are oulput by Lhal process as strings, with 2-
connectedness, The maximum and minimum of seme string, in teans-
form space, is n mensure of ita (cpipolur) extent, P'rior to the use of this
information the only way that ylobal continuity entered the analysis
was Lhrough i consisteney enforcement relaxalion process which en-
mired thal edpes connected in one view were interpreted as continuous
in 3-space; all matching mensures were quite local, Wit the modified
nppronch, the correspondence mensure in a function of (nmong other,
more statistically biwed parnmeters) the eatio of cdge extents, Tn pae-
teutar, the likelihood of edje element a in the left imnge malehing edge
clement b in the right tmage dependa on the product of the eatios of
the twe upper extents (up from the cdge clements) and the two lower
extents (down from the two cdyge clementa),



e e

4.5 Testing on lmugery

When image watiog begnn with all of the shave necomplished, another
prablem beewme apparent: the sterea wystem, bound into a machine
architecture with w manimum of 258K words of memory, and alwnya
tightly wedged any way, had grown with Lhese changes to the point that
anly small portions of iimages could be worked on nt onee, Thas enme
to exist & windowing mechaninm within the edge finding/loading and
sterco matching procesaes.

Qur testing has been progressing on several sets of imagery: a ayn-
thetic image pair from Control Data Corporation, an aerinl scene
from he Bagineering Topographic Luboratory, and a building scene
of Sacramento. We will report on the resulta of these annlyses at a
Iater date.

5: Summary

A principal research interest of our group is in developing a rule-
based advanced automated stereo mapping system to function within
ACRONYM [Hrooks 1981]. Current mapping techniques ignore much
of the information available from inference on gingle views of a scene.
This information ¢an be useful for three-disnensional surface interpreta-
tion, and also provides extea parameters for stereo matching (i.e. sur-
face orientation, occlusion cues). Our rescarch effort is dirccted at
establishing such monocular inference rules in a rul~base for stereo
mapping.

In deriving these rulen, we perform analysia of both hand extracted
and antomatieally produced edge deseriptions, A fareility has been
developed Tor this manual edge extenetion from hardeopy imageey.
We have studied eule synthesis for severnl cases, including that of
orthogonal tribedenl vortices - features thut dominnte eultnral scencs.
This resenreh is very promising, and has shown the utility of the rule-
based approach to surlfaee inference from monocular information,

Camera molving provides powerlul constraint on the correspondence
prubletn in stereo matching. We have developed a facility for interac-
tively registering images, determining the parameters for transforming
them {or their edge descriptions) into collinear epipolar space, and per-
forming the actual image teanaformation. This determination is crucial
to a mapping process. Incorporating an automated module to provide
data fur the eamera solving is a very important next step.

We have experiniented with an cxisting stereo mapping process, en-
haneing its flexihitity with respect to image format and with respect
to cdge operator format, and have been preparing example outputs of
its processing on new imagery., Our intent with this clfort has been
to show the capabilitics of a local matehing proeess and Lo assess its
applicability to the planned rule-based system.
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